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Abstract 
Foods meet acid pH during gastric digestion after cooking. An in situ infrared 
microspectroscopy approach was developed to detect the effects of heat and acid treatments 
on protein structure separately. Infrared spectra were obtained from meat samples treated with 
heat and/or acid, and wavenumbers accounting independently for the treatments were 
extracted by principal component regression. Extreme-acid treatment (pHinitial 2.0) was well 
predicted (0.5% error) by a simple ratio of as-observed spectral intensities at 1211 and 1396 
cm
−1
, reflecting a perturbation in the vibration of amino acid residues (phenylalanine, tyrosine 
and aspartic acid) by protein unfolding and protonation. Using the imaging mode of an IR 
microscope, meat protein acidification was evidenced with high spatial resolution. The heat 
effect was well discriminated from the acid effect by the ratio of as-observed intensities at 
1666 and 1697 cm
−1
 (0.9% error), indicating content of aggregated β-sheets relative to α-helix 
structure.  
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Main text 
 
1. Introduction 
 
Food proteins are exposed to heat and acid pH during processing, cooking and gastric 
digestion. Since digestibility, nutritive quality and allergenic behavior of food proteins are 
affected by pH and heat treatments (He, Simpson, Ngadi, & Ma, 2015; Kondjoyan, Daudin, & 
Sante-Lhoutellier, 2015; Lang, Kagiya, & Kitta, 2015; Sante-Lhoutellier, Astruc, Marinova, 
Greve, & Gatellier, 2008), the study of pH and thermal behavior of food proteins is important 
for determining and predicting the final quality of products.  
Acid pH induces a number of changes in protein structure, such as protonation of amino 
acid residues, protein unfolding, and transformations in secondary and tertiary structures, that 
can be highlighted by vibrational spectroscopy. Protonation of residual carboxyl groups of 
acidic amino acids have served as a good vibrational spectroscopic probe for protein 
acidification (Litwińczuk, Ryu, Nafie, Lee, Kim, Jung, et al., 2014). Protein folding and 
packing states have been characterized by vibrational spectroscopy investigating backbone 
structure, strength of hydrogen bonding in secondary structure, or hydration state of side 
chains (Ashton & Blanch, 2010; Litwińczuk, et al., 2014). For such characterization, 
vibrational bands of side chain residues of aromatic amino acids, which are sensitive to 
microenvironmental change, and amide I and II bands, frequently provide information. Amide 
I and II vibrations accurately reflect the protein main-chain structure, and are commonly used 
for protein secondary structural analysis (Barth, 2007).  
Heat-induced transition in protein structure has also been studied by analyzing vibrational 
spectra. Using the amide I band, IR spectroscopy reveals heat-induced α-helix unfolding and 
the formation of intermolecular β-sheet aggregation (Meersman, Smeller, & Heremans, 2002; 
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Torrecillas, Corbalan-Garcia, & Gomez-Fernandez, 2004). Loss of α-helix and increase in β-
sheet structure have been detected in meat, milk and legume-derived proteins (Herrero, 
Carmona, Lopez-Lopez, & Jimenez-Colmenero, 2008; Wu, Bertram, Böcker, Ofstad, & 
Kohler, 2007; Carbonaro, Maselli, Dore, & Nucara, 2008).  
The combination of an infrared spectrometer and an infrared microscope allows 
measurements on small samples a few tens of microns in size, such as biological cells, either 
isolated or in tissues. Microspectroscopy has allowed protein structures of structured foods to 
be studied in situ. IR microscopy was used to detect tissue-dependent heat denaturation 
processes in meat connective tissue and muscle fibers (Kirschner, Ofstad, Skarpeid, Host, & 
Kohler, 2004). Our group used IR microscopy with a synchrotron radiation source to compare 
changes caused by heat denaturation in various type of muscle fiber and connective tissue 
proteins in meat, with a spatial resolution of 10 μm (Astruc, Peyrin, Venien, Labas, Abrantes, 
Dumas, et al., 2012).  
The specific structural and environmental changes in protein caused by heat and acid 
treatments can be confounded in the infrared spectra of food, and it is not always easy to 
separate these effects. This is because (i) protein structural changes caused by the two 
treatments overlap, (ii) vibrational changes arising from protein structural changes affect other 
spatially or energetically proximate vibrations, and (iii) the spectral intensities of all the 
molecules in the sample are superimposed on detection.   
The aim of the present study was to develop an IR microspectroscopic approach to 
discern the separate effects of acid and heat treatments on protein in meat in situ. Ideally, such 
a method should require minimum spectral preprocessing and obviate complex black-box 
analyses. We therefore opted for a method using peak intensity ratios. Spectral variables that 
account for these two treatments independently were extracted from IR spectra, allowing 
separate visualization of acid and heat effects with high spatial resolution. 
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2. Materials and Methods 
 
2.1. Samples 
 
Beef was prepared as a sample material mainly composed of protein. Deltoid muscles 
(ca. 2.5 kg) from the right and left sides of a beef carcass (Charolaise breed, 90 months old) 
were prepared and vacuum-packed. Four days after slaughtering, one muscle was stored for 
10 h under vacuum in a cold room (4 °C), while the contralateral muscle was vacuum-cooked 
at 85 °C for 10 h (an industrial practice for braising). After cooking, the muscle was cooled to 
3 °C. Both raw and cooked muscles were then stored at 4 °C. Drip loss from the vacuum-
packed beef was 1%, and the cooking loss was 33%. 
On the same day as the cooking, the raw and cooked samples were cut into 1 cm × 1 cm 
× 2 cm pieces with the long axis parallel to the long axis of the muscle fibers. Each meat piece 
was placed in a 60 mL test tube and incubated with 50 mL of 0.9% NaCl solution, adjusted to 
pH 2.0, 3.5 or 5.0 (pHinitial) with aqueous HCl, and gently shaken for 2 h at 37 °C. Three 
sample test tubes were used for each pH condition (triplicates). After 2 h incubation, meat 
samples were immediately cryofixed in cooled isopentane (−160 °C) and stored at −80°C.  
Final pH (pHfinal) of the NaCl solution was measured using a glass electrode at the end 
of meat incubation, and is shown in Table 1. The pH increased after the incubation in all the 
treatments because of the buffering capacity of the meat (Puolanne, & Kivikari, 2000). The 
pH of meat is weakly acidic, and it is higher than that of the incubation solutions. The pH in 
the solution of pHinitial = 3.5 increased remarkably because proton (H
+
) consumption by 
protonation of amino acid residues of the meat protein was relatively larger than the H
+
 
amount that initially existed in the employed solution (Supplementary Material 1). 
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The cryofixed samples were cryosectioned transversally to the muscle fibers (6 μm 
thickness) and thaw-mounted on BaF2 windows compatible with IR spectroscopy. Serial 
sections were prepared for histological staining. The sections were vacuum-packed and stored 
at −20°C until spectroscopic measurement to avoid sample auto-oxidation. 
 
2.2. IR microspectroscopy 
 
2.2.1. IR spectral acquisition and pretreatment  
 
FT-IR spectra of single muscle fibers were acquired with an IR microscope equipped 
with a mercury-cadmium-tellurium detector (Nicolet iN10, ThermoFisher) with a spectral 
resolution of 4 cm
−1
. A spatial resolution of 20 µm × 20 µm was used, which was smaller than 
the muscle fiber dissection area. For each spectrum, 128 scans were accumulated and 
averaged. A background spectrum was obtained and automatically subtracted from every 
batch of spectral acquisitions. “As-observed spectra” in what follows refer to these 
background-subtracted spectra. 
From each meat sample section, about 40 spectra were obtained from different single 
fibers located at the surface of the meat samples, assumed to undergo the direct effect of the 
acid bath (Supplementary Material 2). A total of 684 spectra (38 fibers × 3 acid treatments × 3 
replicates × 2 heat treatments) were obtained. 
 
2.2.2. IR chemical mapping of meat sections  
 
In order to create chemical images of the sample sections, IR spectral maps of large areas 
were obtained by raster scanning the sample using a computer-controlled x-y stage with steps 
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of 20 μm × 20 μm. Values obtained from spectral analysis were mapped onto the 
corresponding optical image to create the chemical images of acid and heat treatments. 
 
2.3. Histological staining 
 
Sections were stained with picro Sirius red, which shows the collagen of perimysium 
and endomysium in red and the muscle cells in yellow, while adipocytes are not stained and 
remain white (Flint & Pickering, 1984). 
 
2.4. Statistical analysis 
 
2.4.1. Data mining 
 
Multivariate statistical analysis was used to explore the variance in the spectral data set 
(range 1900–800 cm−1). Principal component analysis (PCA) and principal component 
regression (PCR) were performed using The Unscrambler software version 9.8 (CAMO 
Software AS). In order to exclude the effects of fluctuation in baseline due to light scattering 
and the effects of non-uniform sample section thickness, spectra were processed by extended 
multiplicative signal correction (EMSC) (Kohler, Kirschner, Oust, & Martens, 2005).   
PCA and PCR were carried out on EMSC preprocessed mean-centered spectra with the 
non-linear iterative partial least squares (NIPALS) algorithm using random cross validation 
with 20 segments and weights of 1.0 for all the spectral variables. PCR was conducted, 
assigning the spectral data as independent variables and the existence or non-existence of each 
treatment as dummy two-valued dependent variables. Cross validation was performed to 
create a reliable PCR model with a significance value of 0.05. PCR factor loadings were used 
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to select the spectral variables, which were closely correlated with the effect of acid or heat 
treatment. When a number of successive spectral variables showed high correlation, the 
variable that showed the least correlation with the other treatment was selected. 
 
2.4.2. IR index calculation and performance evaluation 
 
IR indices for detecting the acid and heat treatments were created using the following 
equation:  
            
   
   
 
where Iij and Iik are the intensities of as-observed spectrum i at wavenumber j and k 
respectively after the spectra were offset-corrected at 1800 cm
−1
 to eliminate light scattering 
effects. 
To select the best performing IR indices, ratios of the selected spectral variables (2.4.1) 
were systematically computed, while the discriminatory power of the developed indices was 
assessed using the DISCRIM procedure of SAS (version 9.4, SAS Institute Inc., Cary, NC, 
USA). More specifically, Mahalanobis square distances from the means of index value of 
both groups with or without treatment with each data point was calculated, while prediction 
error was evaluated on the assumption that each data point was classified into the close group. 
Differences between index values of treatment groups were tested by a Tukey-Kramer 
test at 5% significance using the GLM procedure of SAS. The pHinitial and cooking state, and 
their first-order interaction were assigned as the variables of the statistical model. The 
normality of the index values of each sample group was validated beforehand by the Shapiro-
Wilk test using the UNIVARIATE procedure of SAS, and the equality of variance and 
normality of the data was ensured by Box-Cox transformation using the TRANSREG 
procedure of SAS.   
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3. Results and Discussion 
 
3.1. Characteristics of IR spectra 
 
Mean spectra of the muscle fibers from the incubated meat are shown in Fig. 1. Spectral 
variability originated from the transformation and protonation of protein caused by heat and 
acid treatments. In the amide I region (1700–1600 cm−1), a higher band intensity at 1630 cm−1 
relative to 1655 cm
−1
 was observed in both more acidic and cooked samples. In the vicinity of 
1630 cm
−1
, more than one band was reported to exist, and they originate from the aggregated 
β-sheet and solvated α-helix structures of protein (Barth, 2007; Gilmanshin, Williams, 
Callender, Woodruff & Dyer, 1997). In contrast, 1655-cm
−1
 band originates from the native 
α-helix structure (Barth, 2007; Böcker, et al., 2007). Aggregated β-sheet structure also gave a 
shoulder band at around 1695, which is a splitting band of the amide I mode. The band shape 
of amide II (1600–1500 cm−1) also changed after the treatments, i.e., the highest peak around 
1540 cm−1 and its shoulder peak around 1520 cm−1 became broader and the band feature 
gradually disappeared. Amide II is sensitive to protein main chain structure, and hardly 
affected by side chain vibrations similarly to amide I mode (Oberg, Ruysschaert, & 
Goormaghtigh, 2004; Barth, 2007). Changes were also observed in the 1400–1200 cm−1 
region. In this region, there is an amide III protein-main chain mode, which is affected by 
protein side chain structures, together with other vibrational modes such as CH bending, and 
tyrosine and phenylalanine ring vibrations. Intensities at around 1400 and 1300 cm
−1
 
decreased with both acid and heat treatments.  
Food proteins generally undergo both heat and acid treatments during food production 
and digestion processes, and so both effects may be substantially superimposed in the spectra. 
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In order to detect specific changes related to each treatment separately (acid effect or heat 
effect) and identify the protein structural changes involved, a multivariate analysis of the 
spectra obtained from meat proteins treated with acid and/or heat treatments was conducted.  
The unsupervised PCA was performed first to investigate the spectral differences in the 
spectral data set. The score plot of principal components (PC 1 versus PC 2) displayed a 
distinct clustering according to the treatments (Fig. 2A top). PC 1 explained 58% of the total 
variance in the data set, and clearly separated the samples according to the treatment. The 
clusters were significantly more widespread in cooked samples, indicating a broader variation 
in their spectra than in those of raw samples, consistent with an earlier study (Kirschner et al., 
2004). PC 2 explained 26% of the total variance, and clearly discerned the samples of pHinitial 
2.0 from those of pHinitial 3.5 and 5.0. PC 2 did not separate the samples of pHinitial 3.5 and 5.0. 
This is probably attributable to a small difference in their final pH (Table 1).  
Loading vectors of the PCs are shown in the bottom panel of Fig. 2A. Loading vectors 
of the PC 1 were strongly positive at 1520, 1623, and 1697 cm
−1
, corresponding to the amide 
II and amide I bands of the β-sheet structure (Barth, 2007; Pelton, & McLean, 2000). By 
contrast, loadings were strongly negative at 1654 and 1300 cm
−1
, which are respectively 
amide I and III bands of the α-helix structure (Barth, 2007; Fu, Deoliveira, Trumble, Sarkar, 
& Singh, 1994). Loss of α-helix and increase in β-sheet have been reported as structural 
changes due to the heat effect (Meersman et al., 2002; Torrecillas et al., 2004). PC 1 accounts 
for these changes. 
Loading vectors of the PC 2 were strongly positive at 1628, 1722 and 1215–1180 cm−1; 
they are respectively assigned to β-sheet structure and/or solvated α-helix structures (Pelton, 
& McLean, 2000; Gilmanshin et al, 1997), to aspartic acid (Asp) side-chain C=O stretch 
mode in acidic pH (Venyaminov, & Kalnin, 1990; Litwińczuk, et al., 2014), and tentatively to 
aromatic ring mode of phenylalanine (Phe) and tyrosine (Tyr) side chains, which are known to 
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form a core of hydrophobicity contributing to protein folding (Colthup, Daly, & Wilberley, 
1990; Lord & Yu, 1970). By contrast, it was strongly negative at 1575, 1393 and 1685 cm
−1
. 
1575 and 1393 cm
−1
 are respectively assigned to antisymmetric and symmetric stretch modes 
of –COO– of non-protonated Asp side-chain (Venyaminov, & Kalnin, 1990; Colthup et al., 
1990; Litwińczuk, et al., 2014). Intensity at 1575 cm−1 probably also comprised contributions 
of main-chain amide I and II bands. Absorption at 1685 cm
−1
 might be attributed to main-
chain turn structure (Pelton and McLean, 2000). PC 2 probably detected acid-induced 
protonation of protein side chains, transformations in secondary structure and protein 
unfolding.   
PCR was then performed to identify characteristic infrared absorption frequencies 
correlated with each treatment, and spectral variables able to discriminate between the two 
treatments. Since PCA had shown that only 2 PCs were sufficient to capture 84% of the total 
variance and discriminate between the acid and heat treatments, PC 1 and PC 2 were used in 
the PCR. Fig. 2B shows the correlation loading plot of the 2 PCs. These PCs are orthogonal to 
each other, not only in how they appear, but also in the mathematical sense, i.e. they each 
capture variance related to an independent (to the first order) source of variation. The 
correlation loading plot also identifies which of the independent variables (infrared absorption 
intensities) are closely correlated with the dependent variables (treatment).  
It can be seen from Fig. 2B that the PCR model identified absorption intensity at 1211 
and 1724 cm
−1
 as strongly correlated with the pHinitial 2.0 treatment, intensities at 1396, 1585 
and 1551 cm
−1
 as strongly anti-correlated with the pHinitial 2.0 treatment, and loosely 
connected to the pHinitial 5.0 and pHinitial 3.5 treatments. Regarding heat treatment, intensities at 
1524, 1608, 1434 and 1697 cm
−1 
were strongly correlated with the cooked status, and 
intensities at 1666–1643 and 1296 cm−1 were strongly correlated to the raw status. These 
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spectral variables were selected for evaluation as possible IR spectroscopic indices for acid 
and heat treatments.  
 
3.2. IR index for acidification effect 
 
Spectral variables of 1211 cm
−1
 had the highest PC 2 correlation coefficient (0.92) with 
a weak correlation with PC 1 (0.05), and accounted accurately for the effect of extreme acid 
treatment (pHinitial 2.0) independently of heat treatment (Fig. 2B). This band is probably due to 
a vibration of the aromatic ring of Phe and Tyr, more specifically 1,3,5-radial carbon in-phase 
stretch mode involving substituent bond (–CH2–) stretching (Colthup et al., 1990; Lord & Yu, 
1970). Side chains of Phe and Tyr have no charge, and are packed inside a protein molecule in 
a hydrophobic environment. When proteins are exposed to an extremely acidic environment, 
they unfold, and these side chains are exposed to the aqueous phase (Ashton & Blanch, 2010). 
This microenvironmental change probably perturbs the side-chain vibration and alters the 
spectral intensity at 1211 cm
−1
. 
On the other hand, the symmetric –COO– stretch vibration of Asp side chain at 1396 
cm
−1
 was anti-correlated with the pHinitial 2.0 treatment (Fig. 2B). Asp composes 9% of meat 
protein (FAO, 1970) and exhibits this intensive infrared absorption (molar attenuation 
coefficient E0 = 256 L mol
−1
 cm
−1
, Venyaminov, & Kalnin, 1990). The pKa value of this –
COO
–
 group is 3.7–3.9, and the protonation decreased the band intensity.  
Using spectral intensities at these wavenumbers, an IR spectroscopic index to detect 
acid effect independently of that of heat was defined: 
       
     
     
 
where I denotes the net absorbance intensity of the IR spectrum at the wavenumber identified 
by a subscript. Intensity at 1800 cm
−1
 was taken as the baseline level (zero), since there are no 
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fundamental vibrations in the 2000–1800 cm−1 spectral region (Larkin, 2011), and no band 
was observed there (Fig. 1).  
 IRacid values obtained from as-observed spectra of muscle fibers are plotted in Fig. 3A. 
The index values were well accounted for by the acid treatment (p < 0.001), and the heat 
treatment did not affect the values (p = 0.85). The value was significantly higher in pHinitial 2.0 
samples than in pHinitial 3.5 and 5.0 samples in both raw and cooked treatments. The IRacid 
ranged from 0.58 ± 0.04 (average ± s.d.) in pHinitial 5.0 and 3.5 samples to 0.84 ± 0.06 in 
pHinitial 2.0 samples.  Discriminant analysis showed that the prediction error of this index 
between pHinitial 2.0 and pHinitial 3.5 and 5.0 groups was 0.5%. This simple index value 
discerned the extreme acid treatment remarkably well. 
In addition to I1211/I1396, intensity ratios using other spectral variables that had high 
correlation with acid treatment (1724, 1585 and 1551, Fig. 2B) were systematically tested; 
however, they were inferior to I1211/I1396 in discriminant power. The second most effective 
index was I1211/I1585 with a prediction error of 1.2%. 
Ashton and Blanch (2010) identified three distinct stages in protein conformational 
transition along an acidification scale (from pH 6.5 to 1.8), and reported that for the first two 
transition phases the conformational changes occurred predominantly in the backbone 
secondary structure, while in the final transition phase (∼pH 3.6–1.8) changes occurred in 
both secondary structure and side chain residue. Since the absorptions at 1211 and 1396 cm
−1
 
both originate significantly from side chains, the IRacid index probably specifically detects the 
transition of the final phase. 
Since the correlation coefficient with PC 2 of I1396 was greater than that of I1211 (−0.975 
and 0.916, respectively), I1396 had a greater impact on the index discriminant power than I1211. 
The IRacid index may therefore be more sensitive to the Asp side-chain protonation at pKa  
3.7–3.9 than to the protein unfolding reported to occur below pH 2.5 in myosin, the single 
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most abundant protein in muscle (Kristinsson & Hultin, 2003). The IRacid index probably 
discriminates high or low pH compared with 3.7–3.9. This pH value corresponds to the upper 
limit of pH for pepsin activity: above pH 3.9, pepsin activity decreases to about 5% of its 
optimal activity at pH 2 (Kondjoyan et al., 2015).  
 
3.3. IR index for heat effect 
 
In addition to the IRacid index, we wanted to create an index that would account for heat 
treatment independently of acid treatment. Similarly to the process of IRacid development, 
ratios of absorption intensities at the spectral wavenumbers that were closely correlated with 
heat treatment and independent of acid treatment (Fig. 2B) were systematically tested.  
It was found that I1697/I1666 discriminated cooked and raw samples well, with the 
smallest prediction error of 0.9%. The band at 1697 cm
−1
 originates from aggregated β-sheets 
formed by protein thermal aggregation (Böcker et al., 2007; Wu et al., 2007). Protein thermal 
aggregation forms intermolecular β-sheets and very strong hydrogen bonds. By contrast, the 
intensity at 1666 cm
−1
 has a considerable contribution from the amide I band of the α-helix 
structure. An increase in the value of this ratio therefore means an increase in aggregated β-
sheets relative to α-helix structures, and this structural change has been reported as a 
predominant change in protein thermal denaturation probed by IR spectroscopy (Meersman et 
al., 2002; Torrecillas et al., 2004; Astruc et al., 2012; Kirschner et al., 2004). An IR 
spectroscopic index to detect heat effect was therefore defined as: 
       
     
     
 
The values of this index obtained from as-observed spectra of muscle fibers are shown in Fig. 
3B. They were well accounted for by the heat treatment (p < 0.001) and ranged from 
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0.30 ± 0.03 in raw samples to 0.45 ± 0.04 in cooked samples. This index discriminated 
samples according to their heat treatment.  
Aggregated β-sheet structure shows a band splitting of amide I mode (Arrondo & Goni, 
1999; Barth, 2007); 1697 cm
−1
 in the numerator of the index is one of the split bands, and 
another more intense band is at 1630 cm
−1
. Kirschner et al. (2004) reported that the band 
observed at 1630 cm
−1
 changed its intensity when subjected to heat treatment. In the present 
study, however, absorption at 1632–1628 cm−1 was also affected by pH acidification (Fig. 2B), 
making it less well suited as a specific marker for heat denaturation. In the vicinity of 1630 
cm
−1
, more than one spectral component is observed (Surewicz, Mantsch & Chapman, 1993; 
Haris & Chapman, 1995). Several studies reported that a band reflected the solvation of α-
helix structure (Gilmanshin et al., 1997; Murayama & Tomida, 2004; Ferrer, Bosch, Yantorno 
& Baran, 2008) and is assigned to the additional hydrogen bonding of the solvent accessible 
backbone CO groups of α-helix to water (Reisdorf & Krimm, 1996). Protein unfolding by pH 
acidification changes the solvate location on the protein surface, and it might increase the 
intensity at 1630 cm
−1
. Meanwhile, the band at 1697 cm
−1
 was little affected by acid treatment 
because of its lower sensitivity to hydrogen bonding strength (Krimm & Bandekar, 1986; 
Barth, 2007). 
Although the spectral variables at 1666 cm
−1
 showed the smallest effect of acid 
treatment among the variables corresponding to the amide I band of α-helix (1666–1643 cm−1, 
Fig. 2B) and contributed to the smallest prediction error of the IRheat index, the other variables 
(1662–1643 cm−1) also gave small errors (e.g. I1697/I1654, 1.9%). On the other hand, when the 
intensity at 1296 cm
−1
 (amide II band of α-helix), which had a weaker correlation with acid 
treatment than 1666 cm
−1
 (Fig. 2B) was used, the prediction error was much larger 
(e.g. I1697/I1296, 13.5%). This was because of an insufficiently large difference in the index 
values between raw and cooked samples obtained by the simple equation, and the large 
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spectral variance in cooked samples. Larger prediction errors were also given using other 
variables (1524, 1608 and 1434 cm
−1
, Fig. 2B) for the same reason. The value of spectral 
intensity and its variance together with the correlation coefficient with the treatment were the 
important factors for index development with a small prediction error. 
 
3.4. IR index mapping 
 
Fig. 4 (top) presents micrographs of two large sections of meat that were both exposed 
to pHinitial 2.0; one was left raw while the other was cooked. Negative control sections that 
were not exposed to any acid treatment are also shown (Fig. 4 bottom). Spectra of muscle 
fibers were recorded in three different regions on each large section. The IRacid index 
(I1211/I1396) was computed for each spectrum, and is indicated on the corresponding muscle 
fiber (Fig. 4A). IRacid showed, as expected, that acidity was high near the surface of the 
sample and low inside it in both the raw and the cooked meat with the pHinitial 2.0 treatment. In 
the cooked sample however, some points estimated to have high acidity were observed inside 
the meat. Since a liquid-like substance was observed at the approximate gap space by optical 
microscopy, oils flowing from adipose tissue probably influenced the index value. Oils have a 
totally different spectral shape from that of protein, and generate high IRacid values. 
Histological and chemical mapping images of IRacid of a meat tissue treated in extreme 
acid conditions (pHinitial 2.0) are shown in Figs. 5A and 5B. Pixels with IRacid values outside 
the range 0.50–0.93 were excluded from the picture, effectively removing outlier spectra and 
pixels corresponding to connective tissue, adipose tissue or gaps in the section. From the 
mapping image, it can be seen that that depth where the sample beef was estimated to have 
pH <  3.7–3.9 was 1.5 mm from the sample surface after 2 h incubation. This result was 
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consistent with the value of proton diffusivity of 3.5·10
−11
 m
2
/s in beef (Lebert & Daudin, 
2014, Supplementary Material 3).  
IRheat (I1697/I1666) values were also calculated for the spectra and gave accurate results 
(Fig. 4B). Its value was low in raw samples and high in cooked samples, indicating that the 
cooked meat proteins had more aggregated β-sheet structure than the raw sample, confirming 
the observations of Kirschner et al. (2004) and Astruc et al. (2012). In Fig. 5C, the protein 
part (muscle fibers) of the sample gave small IRheat values, and indicated correctly that the 
sample was raw without being affected by the existing pH gradient (shown in Fig. 5B). In 
contrast to the IRacid index however, pixels related to fats and gaps did not in general give an 
outlier value. If fats, gap or any other components that are not protein occur in a sample, and 
if it is not possible to identify them by optical microscopy, the infrared spectra should be 
checked beforehand to identify the nature of the tissue, and determine whether it is truly 
protein.  
 
3.5. Notes for application 
 
The IR method developed is probably applicable directly for proteins that have amino-
acid compositions somewhat similar to that of muscle fiber. However, if amino acid 
composition differs, and therefore the protein secondary structures, then the value of IR 
indices may vary. Collagen, for example, is known for its specific amino acid composition: its 
Phe and Tyr percentage is almost double of that of muscle fiber (Lin, & Liu, 2006). Its 
spectrum may therefore exhibit higher intensities at 1211 cm
−1
; consequently, connective 
tissue generated the outlier IRacid value (higher side) in the present study as already described. 
The IRheat value can also vary, since quantity of secondary structures and denaturation 
temperature vary among proteins (Carbonaro et al., 2008; Oberg et al., 2004). In meat for 
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example, decrease in α-helical structures by cooking was reported to be less pronounced in 
the connective tissue (mainly collagen) than in the muscle fibers (Kirschner et al., 2004, 
Astruc et al., 2012). Application of the IR indices for tissues other than muscle fibers should 
thus be a confirmation step to ensure accuracy. 
Since obtaining a series of spectra to make a chemical map is time-consuming, a single 
spectrum obtained from a target sample point may be the most useful application of the IR 
indices. As already described, if there is material other than protein, the value of the indices 
can be affected. Obtaining several spectra from the same area may therefore be necessary, or a 
quality test on spectra to check whether they contain spectral components other than those of 
protein may be useful.  
In addition to the above notes, other factors that may affect the index values have been 
reported. IR spectra of protein can be altered by pH readjustment to neutrality (Kristinsson & 
Hultin, 2003), ionic strength (Böcker, et al., 2007; Herrero, et al., 2008; Kukic, O'Meara, 
Hewage, & Nielsen, 2013), and by the sample condition of fresh or frozen-thawed (AlJowder, 
Kemsley, & Wilson, 1997). They affect the environment and protein structure, and this may 
change spectral intensities at wavenumbers of interest, and affect the index value. Attention 
should also be paid to the spectral measurement condition (transmission or reflection), IR 
frequency can be shifted by the conditions (Litwińczuk, et al., 2014). Care should also be 
taken to obtain spectra with intensities in the Amide I band between 0.3 and 1.2 absorbance 
units to stay in the linear range: spectra above and below these limits may present small 
distortions in the ratios between peaks. 
 
4. Conclusion 
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IR spectroscopy was used to monitor the structural changes of muscle fiber proteins in 
meat samples subjected to acidification and/or cooking in situ. The present study offers 
potential IR indices that allow the separate detection of acid and heat treatments. Simple 
spectral intensity ratios at certain wavenumbers of as-observed IR spectrum were validated.  
Generally, proteins are digested after being subjected to acid and heat, and both 
treatments affect protein digestion by the digestive enzymes. Activity of enzymes depends on 
pH, and heat denaturation/aggregation of protein modifies the digestion rate of protein on a 
case-by-case basis (Kondjoyan et al. 2015, Lang et al. 2015, Bax et al. 2012). In meat, a 
relation between heat aggregation of myofibrillar proteins and the decrease in digestion rate 
by pepsin was reported (Sante-Lhoutellier et al. 2008). Digestibility affects not only 
bioavailability and nutritive value of the protein but also causes allergenic behavior, which 
results from the proteins which are not well digested. The in situ separate imaging of acid and 
heat effects of food matrix using IR indices can provide a realistic and comprehensive 
understanding of the bioavailability of food proteins. 
To the best of our knowledge there is no simpler method to measure pH with high 
spatial resolution, and this IR method can be further refined in this respect. The IRacid index 
showed whether a spectral acquisition point had a pH lower than 3.7–3.9 or not. It enabled us 
to easily tell whether the gastric digestive enzyme pepsin could be active there, with high 
spatial resolution of the order of 10 μm.  
It would be of interest to increase resolution of pH or to expand this index to cover 
wider range of pH. It enabled us to visualize gradual pH change. Neutral or alkali pH could 
also be detected, protein structural changes in these pH ranges having been reported (Chehin, 
Iloro, Marcos, Villar, Shnyrov, & Arrondo, 1999). In the future, various forms of the IR 
spectroscopic index developed should be available as methods to visualize pH of foods in situ 
with high spatial resolution, independently of cooking state.  
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Figure captions 
 
Fig. 1. Average IR spectra of muscle fibers of the meat after each treatment.  
 
Fig. 2. Results of multivariate analysis of the spectral data (1900–800 cm−1) of all the 684 
muscle fiber samples in relation to the acid and heat treatments. (A) Score plots of PCA and 
loading vectors of PCs obtained. The variance explained by PC 1 and PC 2 were 58% and 
26%, respectively. (B) Correlation loading plot (PC 1 versus PC 2) of PCR analysis. The 
inner and outer ellipses refer to 50% and 100% explained variance, respectively. Numeric 
characters indicate the spectral variables at corresponding wavenumbers. 
 
Fig. 3. Box plots of the IR index values obtained from 684 as-observed spectra, showing 
median, 25 and 75 percentiles and minimum and maximum points. Outlier (×) is data whose 
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index value was outside ±2σ. (A) IRacid. (B) IRheat. Data with different superscripts are 
significantly different (p < 0.05).  
 
Fig. 4. Optical micrographs of sections and point maps of IR indices. “” corresponds to 
each point of spectral acquisition. Three fields of view of the samples on a BaF2 window are 
overlaid onto the corresponding histological image of a stained section. Muscle fibers were 
stained yellow-orange, connective tissues red, and fats and gaps remained white. Top: Meat 
samples after 2 h incubation at pHinitial 2.0. Bottom: Negative control sections without pH 
treatment. (A) IRacid, (B) IRheat.  
 
Fig. 5. Optical microscopic view and IR chemical mapping images. (A) Optical view of a 
section of raw meat incubated in the solution of pHinitial 2.0 (pHfinal = 2.3). Top: Histologically 
stained section. Muscle fibers were stained yellow, connective tissues red, fats and gaps 
remained white. Lower: Optical view of the samples on BaF2 window. (B) Mapping image of 
IRacid index (top). Pixels colored black correspond to outliers. The merged image (bottom). (C) 
Mapping image of IRheat index (top) and the merged image (bottom).  
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Table 1. Final pH value (average ± s.d.) of the incubation 
solutions of meat samples after 2 h incubation. Values with 
different superscripts are significantly different (p < 0.001).  
pHinitial 
pHfinal 
raw meat bath cooked meat bath 
5.0 5.5 ± 0.03 
b
 5.9 ± 0.01
 a
 
3.5 5.0 ± 0.01
 c
 5.5 ± 0.06
 b
 
2.0 2.3 ± 0.04
 d
 2.2 ± 0.02
 e
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Highlights 
 
 Acid and heat effects on meat proteins were detected by IR microspectroscopy  
 1211/1396 cm–1 band ratio discerned acid effect independently of heat effect 
 1697/1666 cm–1 band ratio discerned heat effect independently of acid effect 
 Acid pH can be detected with 10 μm resolution in meat sections by IR microscopy 
 
 
